We propose a new class of metamaterials called magneto-optical metamaterials that offer enhanced angle of rotation in polarization compared to bulk magneto-optical materials. In the proposed approach, the permittivity tensor of a magneto-optical material is tailored by embedded wire meshes behaving as artificial plasma. We have shown that the angle of rotation in the magneto-optical metamaterial can be enhanced up to 9 times compared to bulk magnetooptical material alone while the polarization extinction ratio remains below -20dB and insertion loss is less than 1.5dB. © 2015 Optical Society of America Non-reciprocal devices, such as isolators and circulators, are key components in today's laser based networks and optical links [1]. The magneto-optical Faraday Effect is at the heart of most non-reciprocal optical components. Zeeman or spin-orbit splitting of electronic energy levels in magnetic media results in dispersion differences between circularly-polarized optical modes of opposite helicity propagating in the magnetization direction [2]. This produces a nonreciprocal polarization rotation in linearly polarized light launched into the material (i.e. Faraday rotation). However, in the optical regime, the Faraday Effect is known to be rather weak. The specific Faraday rotation in bismuth-and cerium-substituted iron garnets, nonreciprocal materials of choice, ranges from 0.02°μm -1 to ~1°μm -1 at telecom wavelengths depending on substitution level [3,4]. Therefore, in order to achieve a desirable amount of rotation in the polarization, at least several tens of micrometers of MO material are required. Such a thick layer of MO material dramatically deteriorates the transmittance of the isolator or circulator [5]. Additionally, since typical fabrication methods such as microwave sputtering [6] or pulsed laser deposition [7] generally produce films up to few micrometers-thick depending on deposition time, several tens of micrometer-thick layers are also not favorable from a fabrication perspective. Liquid-phase epitaxy can achieve thicker films but bismuth substitution levels are rather limited, reducing achievable specific Faraday rotations and requiring even thicker films [8].
Non-reciprocal devices, such as isolators and circulators, are key components in today's laser based networks and optical links [1] . The magneto-optical Faraday Effect is at the heart of most non-reciprocal optical components. Zeeman or spin-orbit splitting of electronic energy levels in magnetic media results in dispersion differences between circularly-polarized optical modes of opposite helicity propagating in the magnetization direction [2] . This produces a nonreciprocal polarization rotation in linearly polarized light launched into the material (i.e. Faraday rotation). However, in the optical regime, the Faraday Effect is known to be rather weak. The specific Faraday rotation in bismuth-and cerium-substituted iron garnets, nonreciprocal materials of choice, ranges from 0.02°μm -1 to ~1°μm -1 at telecom wavelengths depending on substitution level [3, 4] . Therefore, in order to achieve a desirable amount of rotation in the polarization, at least several tens of micrometers of MO material are required. Such a thick layer of MO material dramatically deteriorates the transmittance of the isolator or circulator [5] . Additionally, since typical fabrication methods such as microwave sputtering [6] or pulsed laser deposition [7] generally produce films up to few micrometers-thick depending on deposition time, several tens of micrometer-thick layers are also not favorable from a fabrication perspective. Liquid-phase epitaxy can achieve thicker films but bismuth substitution levels are rather limited, reducing achievable specific Faraday rotations and requiring even thicker films [8] .
In order to achieve a large angle of rotation in a small length scale, resonant structures have been exploited such as a Fabry-Perot cavities filled with an MO material [9, 10] . Since left-handed circularly polarized light (LCL) and right-handed circularly polarized light (RCL) propagate in MO materials with two different indices of refraction, the cavity resonates at different frequencies for the LCL and RCL. Consequently, around any of the resonance frequencies, the LCL and RCL components of a linearly polarized light beam acquire different phases as they pass through the cavity. A change in the relative phase difference of the LCL and RCL components of the linearly polarized light leads to a rotation in the angle of polarization. In order to obtain a polarization rotation by the angle of ,  a phase difference of   is required between the RCL and LCL components. However, this technique suffers from narrow band widths and small transmittance for structures with a single resonant cavity, making it unsuitable for optical communication applications which are essentially wideband [10] . Another problem is the introduction of ellipticity in the polarization, except at specific wavelengths [10] . These problems have been addressed theoretically through the introduction of multiple resonant cavities, but at the expense of complicating the fabrication significantly [11] .
In this letter, we present a new method to enhance the angle of rotation of linearly polarized light in MO media. This approach, which we call magneto-optical metamaterial (MOM), benefits from the capability of the metamaterial to tailor the optical properties of the host MO media. In addition to the improvement in the angle of rotation, the MOM also allows for tuning the impedance and refractive index of the designed material. This would be useful, for instance, in designing low reflection polarization rotators. As another example, by adjusting the refractive index, one can make a single mode waveguide with glass or polymer core and MOM as the cladding, which otherwise is not feasible because refractive index of MO materials is typically higher than most glasses and polymers.
Optical properties of a typical MO material magnetized in the Z direction, is expressed with a scalar permeability, while the permittivity tensor is given as
  and g describe the response of the material to electric field in the XY plane and  is the permittivity in the direction of magnetization, the Z direction. Since the permeability is a scalar, the eigenvectors for the electromagnetic waves are the same as the eigenvectors of the permittivity tensor. With a straightforward algebraic calculation, one can find the MO material described with MO [12] [13] [14] [15] [16] [17] [18] [19] [20] , solar photovoltaics [21] , wireless communications [22, 23] , novel optical materials [24] [25] [26] [27] , and many more.
As we show below, metamaterials can also offer the degree of freedom to tune the permeability and permittivity of the magnetooptical material. In order to reduce the diagonal elements of the permittivity tensor, one can introduce an artificial plasma structure in the MO host medium. If such artificial plasma does not affect the offdiagonal elements of the resultant permittivity tensor but only influences the diagonal elements such as in isotropic medium [28] , then one would expect that the artificial plasma embedded in the MO host medium would significantly enhance the angle of rotation of polarization above but near the plasma frequency. In the rest of the letter, we will verify this scenario. A potential implementation of such an artificial plasma embedded in an MO host medium is illustrated in Fig. 2 . The artificial plasma is formed by conductive wires extending in the X and Y directions. The radius of the wires is r and the separation between the adjacent parallel wires is equal to the size of the unit cell, a , for all the directions. We write the effective permittivity tensor for such a wire medium as [28] , approaches the impedance of the surrounding dielectric medium at the desired frequency range. 
 
). The design parameters are the radius of the wires, the length of the unit cell, and the constituent material properties. The length of the unit cell needs to be much smaller than the working wavelength in order to keep the effective medium approximation valid. We used gold for the wires, which are embedded inside bismuthsubstituted yttrium iron garnet (Bi:YIG) with angle of rotation for every step is recorded and displayed in Fig. 3 . As can be seen in the figure the simulation data points follow approximately a straight line which implies that the MOM is almost linearly scalable in the direction of propagation. The amount of rotation in polarization as a linearly polarized wave propagates in bulk B-YIG, given by Eq. (3), is also shown in Fig. 3 . In order to compare the MOM and bulk MO materials, we have fitted a line to the data points by minimizing the square of the errors between the fitted line and the data points. There are two different ways to find the enhancement in the rotation of polarization. The first one is to directly divide the data points by the corresponding values of bulk B-YIG, and the next one is to compare the slope the MOM line with B-YIG line in Fig. 3 . Although for short structures the two methods give different values for enhancement in the rotation of polarization, they agree as the length of the structures in the direction of propagation increases. This behavior is not surprising since metamaterials become length independent as the overall length of metamaterial increases [33] [34] [35] [36] . The maximum enhancement in the rotation of polarization regardless of the ellipticity of the output light is around 6 when the metamaterial is as short as 1 m  and it approaches asymptotically to about 12 when the length of the metamaterial is larger than 2 m  . We will defer the discussion of ellipticity and its influence on the enhancement until the end of the letter. In the following, we will discuss retrieved optical parameters of the MOM. There are motivations to retrieve the permittivity of the proposed metamaterial from the results of the numerical simulation. First, to independently examine the underlying idea of MOM discussed earlier, second is to verify the analytical expression for permittivity given in Eq. (5) . To the best of our knowledge, there is no prior work presenting retrieval procedure for MO materials. In order to retrieve optical properties of the MOM, we have used an approach similar to the conventional retrieval procedure based on transfer matrix approach [37] . This enables us to find the refractive indices for the LCL and RCL, . However, before we apply this method to the MOM, we need to first ensure that LCL and RCL are the eigenmodes of the material. The effective permittivity tensor of the MOM in Eq. (5) has similar tensor form as the permittivity tensor in Eq. (1), thus one should expect that the eigenmodes for the MOM should be also LCL and RCL. To verify this, we sent LCL and RCL waves separately to the MOM and found that the reflected and transmitted waves in both cases have the same form as the input wave.
The resultant effective parameters Next, we apply a linearly polarized light to the MOM and study how the angle of rotation of polarization changes with the frequency. Fig. 5 shows the angle of rotation of polarization (i.e., normalized with respect to the maximum angle of rotation) versus frequency. As we expected, the amount of rotation in the polarization is maximum after the plasma frequency and decreases as the frequency increases.
MO medium, in general, and the proposed MOM, in particular, do not respond to RCL and LCL in the same way. For structures which contain MO materials, it is common to observe different transmittance for these two states of polarization. Consequently, a linearly polarized light, which is a combination of LCL and RCL with equal amplitudes, does not maintain linearly polarization as it propagates through an MO medium. More precisely, polarization slightly deviates from linear to elliptical polarization. Polarization extinction ratio (PER), which is defined as the ratio of the minor axis of the polarization ellipse to the major axis, quantifies the ellipticity of the light. PER has a major impact on the level of isolation between ports in an isolator or a circulator. PER along with transmittance define the working bandwidth of MOM for a particular application. Fig. 5 shows PER in dB, transmittance, and angle of rotation versus frequency. For instance, consider the isolator at the telecom frequency in Ref. 38 , where the PER is required to be less than 20dB. Then, the working bandwidth of our MOM is more than 2THz, which covers more than a half of the C-band (1530-1565nm ). The shaded region in Fig. 5 shows the operating bandwidth that corresponds to PER<-20dB. The transmittance inside the working window is about 0.7 (1.5dB insertion loss) and the enhancement in the angle of rotation varies from a factor of 9 to 4.5 compared to bulk MO material. Although the artificial plasma considered in this letter is the wellknown wire medium, any subwavelength design of artificial plasma can be used to obtain similar results. The MOM structure could be modified to accommodate various design and fabrication requirements. As an example, one can consider a structure consisting of a periodic stack of thin metal film and B-YIG layer. The multilayer structure could be easily fabricated by traditional fabrication methods such as RF sputtering and magnetron sputtering. We have numerically studied the multilayer structure and obtained similar permittivity tensor elements as in Fig. 4 for the same gold to B-YIG volumetric ratio as the designed wire medium based MOM.
In summary, we have proposed a new class of metamaterials capable of mimicking the optical properties of natural MO materials with the added advantages of enhancing the angle of rotation of polarization and minimizing the reflection from interfaces with lower index dielectrics. We verified the analytical optical properties of the proposed MOM through simulations and a numerical procedures devised specifically for retrieving the effective permittivity tensor for MOMs.
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